Abstract
INTRODUCTION
In recent years there has been a lot of interest in investigation of binary and ternary Ge alloys [1] [2] [3] . Germanium based alloys are extensively studied because of their semiconducting properties and applications in the electronic industry [4] [5] [6] . Binary Cu-Ge alloys have excellent physical and chemical properties, such as low room-temperature resistance and high thermal stability, which are potentially useful in the optical and electronic devices [7] [8] [9] [10] . Furthermore, Ge and Sb based systems are of importance for the development of phase-change materials (PCM) [11] [12] [13] which have a wide application in the modern information storage technology for making optical discs, DVD, Blue-Ray discs and flash memories [14, 15] . Over the past few decades ternary alloys based on Cu-Ge-X (X=Au, Ag, …) [16, 17] and Ge-Sb-X, (X=Bi, Ag, In, …) [18] [19] [20] have also been attracting significant interest as semiconductor materials. However, to the best of our knowledge the system that is a combination of Cu with Ge and Sb in different ratios has not been investigated up to now. The aim of this study was experimental investigation of the alloys from a ternary Cu-Ge-Sb system in terms of their 1 microstructure, phase composition, hardness and electrical conductivity. Based on experimentally determined values iso-lines of hardness and electrical conductivity for the whole ternary system were calculated using assumed mathematical models. The presented results can be basis for further investigations given that the ternary Cu-Ge-Sb system has not yet been studied from this point of view in literature.
EXPERIMENTAL PROCEDURE
Studied alloy samples from the ternary Cu-Ge-Sb system weighing about 3 g were prepared from high purity (99.999 at. %) elements. The samples were initially melted in an induction furnace under inert (Ar) atmosphere with the determined average weight loss of about 1 at. %. Given that Sb is highly volatile an additional amount of Sb (about 1 to 2 at. %) was added to compensate for the weight loss. The obtained alloy samples were then characterized in terms of their structure and phase composition by light optical microscopy (LOM) using OLYMPUS GX41 inverted optical microscope, as well as by scanning electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS) using JEOL (JSM6460) scanning electron microscope equipped with Oxford Instruments X-act energy dispersive spectrometer and by X-ray diffraction analysis (XRD) using Bruker D2 PHASER powder diffractometer with Cu tube (KFLCu-2K). The obtained X-ray patterns were subsequently analyzed using Topas 4.2 software and ICDD databases PDF2 (2013) . Hardness of the alloy samples was measured by Brinell test using Innovatest Nexus 3001 hardness tester by applying force of 294.2 N for a loading time of 15 s, while hardness of the present phases was measured by Vickers test using digital microhardness tester DHV-1000 with an applied force of 0.245 N and 15 s loading time. Electrical conductivity of the prepared alloy samples was measured using eddy current instrument Foerster SIGMATEST 2.069.
LITERATURE DATA
Considering that, to our knowledge, no studies on the ternary Cu-Ge-Sb system can be found in literature, thermodynamic assessment was based on already well-known binary sub-systems (Cu-Ge [21] , Ge-Sb [22] and Cu-Sb [23] ). A list of phases that are possibly present in the studied ternary system and their crystallographic data are given in Table 1 . 
RESULTS AND DISCUSSION
In order to observe changes of properties of the alloys with changes of their composition, the samples from the three selected vertical sections were studied using the same experimental techniques.
Vertical section Ge-CuSb
Nine ternary alloy samples were selected for investigation of Ge-CuSb vertical section. The Ge content in the prepared alloy samples increases from the sample 1 to the sample 9 for approximately 10 at. % between each consecutive sample. The alloy sample with number 1 has the lowest Ge content while the sample 9 has the highest Ge content compared to the all other samples. Contents of Cu and Sb were always kept at approximately same 50:50 ratio. In this way it was possible to observe changes of properties and microstructure of the CuSb alloys with addition of Ge. The binary CuSb alloy with 50:50 composition consists of two phases (Sb)+ η(Cu 2 Sb). Identified phases in the studied ternary alloys and their experimentally determined compositions are given in Table 2 . According to the results present in Table 2 , the same phases were detected phases in the all nine ternary samples. Addition of Ge did not result in a change of (Sb) and η(Cu 2 Sb) phases and the added Ge just formed the third phase solid solution (Ge).
Experimentally determined maximum solubility of Ge in solid solution (Sb) and intermetallic compound η(Cu 2 Sb) is 0.55 at. %. Also, solid solution of (Ge) can dissolve small amounts of Sb and Cu. The maximal detected solubility of Sb is 0.95 at.% and of Cu is 0.87 at. %. Detected solubility of Sb in η(Cu 2 Sb) phase, Sb and Cu in solid solution (Ge) and Cu and Ge in solid solution (Sb) were neglected because they were less than 1 at. % in each phase. SEM micrograph of a microstructure of the sample 5 is presented on Figure 1 . On the presented micrograph ( Fig. 1 ) three phases are visible. Solid solution (Ge) appears as a dark phase, solid solution (Sb) is white phase, while the third detected phase is gray. The same samples were investigated using XDR analysis and obtained results are given in Table  3 . The experimentally determined phase composition by SEM-EDS technique was confirmed by XRD analysis using Rietveld method. In addition to confirmation of composition, lattice parameters of the determined phases were obtained. The calculated lattice parameters are given in Table 3 together with the literature values. Literature data for (Ge) solid solution were taken from Morozkin [24] . The calculated values of the lattice parameters from the current study were found to be in a same range as the reported values a=b=c=5.6522 Å [24] . The determined lattice parameters for solid solution (Sb) are consistent with data reported by Li et al. [25] , while the obtained lattice parameters for intermetallic compound η(Cu 2 Sb) from this study were also found to be in the same range as the values a=b=3.97 Å and c=6.06 given by Reshak et al. [26] . The recorded XRD pattern of the alloy sample 9 is presented on Figure 2 .
Figure 1. Microstructure of the sample 5 analyzed by the SEM-EDS technique
In addition, the samples were further observed using light optical microscopy. Micrographs of microstructures of the samples 1, 2, 6 and 8 are presented on Figure 3 . Three phases are visible in the all studied samples. With an increasing Ge content, phase rich with germanium solid solution (Ge) is becoming dominant in the microstructures. In the alloy sample 1, Ge content is 9.98 at. % and the very small region of (Ge) phase is visible in its microstructure, while (Sb) and η(Cu 2 Sb) phases are dominant. In contrast, quite opposite can be observed on the micrograph of the sample 8. Content of Ge in sample 8 is 80.34 at. % and solid solution (Ge) phase is dominant. (1) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2765(6) 6.0687 (1) 11.2754 [25] 6.06 [26] (5) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2787 (5) 6.0687 (7) 11.2754 [25] 6.06 [26] 
5.6534 (3) 4.3098 (9) 3.9789 (1) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2756(4) 6.0687 (3) 11.2754 [25] 6.06 [26] 4
5.6576 (6) 4.3066 (6) 3.9766 (8) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2765 (5) 6.0687 (5) 11.2754 [25] 6.06 [26] (2) 4.3057 (6) 3.9756 (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2756 (6) 6.0655 (2) 11.2754 [25] 6.06 [26] (2) 4.3087 (8) 3.9777 (1) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2786 (6) 6.0656 (3) 11.2754 [25] 6.06 [26] 
5.6554(4) 4.3056 (5) 3.9745 (6) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2786(5) 6.0687 (9) 11.2754 [25] 6.06 [26] 8 (8) 3.9788 (3) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2756 (3) 6.0687 (7) 11.2754 [25] 6.06 [26] 
5.6534 (7) 4.3098 (5) 3.9788 (3) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2765 (5) 6.0652 (3) 11.2754 [25] 6.06 [26] 
Figure 3. Microstructures of the selected alloy samples observed with LOM
Vickers hardness of the phases identified in the microstructures was measured and in Table 4 are given average values from all measurements.
Hardness of the same phases in the each sample was measured minimum five times at different parts of the sample. Therefore, the values given in Table 4 represent an average from at least 45 measurements (nine samples and five measurements per same phase per sample). It was found that the solid solution (Ge) has the highest value of hardness 857.13 MN/m 2 w h i l e intermetallic compound η(Cu 2 Sb) and solid solution (Sb) have the lowest values. Hardness of the samples was investigated using Brinell test and the measured values are given in Table 5 . Measurements were carried out in three points for each sample. In order to illustrate behavior of hardness of the ternary alloys in Table 5 are added values for one binary CuSb alloy and pure Ge. Graphical presentation of a dependence of Brinell hardness vs Ge mole fraction is given on Table 6 . Literature value of electrical conductivity of pure Ge (0.002 MS/m) was taken from [27] . The obtained results for ternary alloys (Table 6) show small values of electrical conductivity in range 0.3695 to 3.052 MS/m. It can be observed that the electrical conductivity of ternary alloys is decreasing with an addition of Ge, which can be explained by reduction of Cu content in the studied alloys. Graphical presentation of the dependence of electrical conductivity from Ge mole fraction is given on Figure 5 . It can be seen that the samples 1 and 2 have similar values of the electrical conductivity while starting from the sample 3 values of electrical conductivity decrease significantly. 
Vertical section Sb-CuGe
Changes in microstructures, electrical and mechanical properties with increasing amount of Sb of the alloy samples from vertical section Sb-CuGe were studied. The contents of Cu and Ge were in kept at constant ratio. As in previous case, nine alloy samples from the vertical section were investigated and they were marked with numbers from 10 to 18. Experimentally determined compositions of the samples and phases identified in the studied samples from Sb-CuGe vertical section are given in Table 7 .
Only in the sample 10 with 10.08 at. % of Sb, (Ge), η(Cu 2 Sb) and η'(Cu 3 Ge) phases were detected, in all other samples (samples 11 to 18) the same phases as in the samples from the Ge-CuSb vertical section were detected. The determined compositions of the phases are very close to their theoretical compositions as the differences are less than 1 at. %. The effect of element which is not theoretically present in a phase was neglected. SEM micrograph of the sample 10 is given on Figure 6 as an example. In the presented microstructure ( Figure 6 ) solid solution (Ge) appears as a dark oval phase, while intermetallic compounds η(Cu 2 Sb) and η'(Cu 3 Ge) appear somewhat brighter. The phase compositions determined by EDS analysis were additionally checked using XRD analysis. The obtained results of XRD analysis are given in Table 8 . The results of XRD analysis confirm presence of the all phases detected by EDS. Besides phase composition in Table 8 are also given determined lattice parameters for the detected phases compared with literature data [24] [25] [26] . The observed differences between the determined and the literature values of parameters are in the third digit after the decimal point, which is reasonable. When compared, the determined values of lattice parameters for the η'(Cu 3 Ge) phase were found to be in a close agreement with data given by Caspi et al. [28] . LOM micrographs illustrating microstructures of the four studied alloy samples (11, 14, 15 and 18) are given on Figure 7 . (8) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2756(3) 6.0698 (2) 11.2754 [25] 6.06 [26] (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2796(7) 6.0676 (5) 11.2754 [25] 6.06 [26] 14 (Ge) (Sb) η(Cu 2 Sb) (Ge) (Sb) η(Cu 2 Sb) 5.6587 (3) 4.3098(6) 3.9786 (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2786(3) 6.0687 (3) 11.2754 [25] 6.06 [26] (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2785(4) 6.0687 (3) 11.2754 [25] 6.06 [26] 16
5.6537(3) 4.3098 (7) 3.9786 (3) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2756(6) 6.0678 (4) 11.2754 [25] 6.06 [26] 17 (Ge) (Sb) η(Cu 2 Sb) (Ge) (Sb) η(Cu 2 Sb) 5.6598 (8) 4.3098 (7) 3.9746 (3) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2786(3) 6.0687 (9) 11.2754 [25] 6.06 [26] 18 (Ge) (Sb) η(Cu 2 Sb) (Ge) (Sb) η(Cu 2 Sb) 5.6589(5) 4.3049(2) 3.9746 (5) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2764(3) 6.0624 (3) 11.2754 [25] 6.06 [26] Volume Three phases at a time were observed using LOM within microstructures of each of the nine studied alloy samples (samples 10 to 18) from vertical section Sb-CuGe. The observed phases are marked on the micrographs of the alloy samples ( Figure 7 ). In total, within microstructures of the samples from the Sb-CuGe vertical section four phases were detected: (Ge), (Sb), η(Cu 2 Sb) and η'(Cu 3 Ge).
Hardness of each individual phase was measured according to aforementioned procedure using Vickers test and given as a mean value in Table 9 . The presented results suggest that the phases rich in Ge have higher hardness. Hardness of the alloy samples was determined by Brinell test and the obtained results are given in Table 10 . According to the obtained results hardness of the samples continually decreases with an addition of Sb. The alloy with the lowest Sb content has higher hardness in comparison to the other alloys from the vertical section and vice versa the alloy with the highest Sb content has the lowest hardness. Graphical presentation of a dependence of hardness of the alloys from Sb content is given on Figure 8 . From Figure 8 it can be seen that the hardness of the alloys decreases with an increase of Sb content. The same alloy samples were used for electrical conductivity measurements and the obtained results are given in Table 11 while graphical presentation is given in Figure 9 . On the presented electrical conductivity vs Sb content curve ( Figure 9 ) three extreme points can be observed. With an increasing Sb content electrical conductivity changes in such manner that it decreases to a minimum for sample 11 and then it increases to a maximum for sample 13 from which it decreases slightly to another minimum for sample 15 and from that point it then continually increases. On the presented electrical conductivity vs Sb content curve ( Figure 9 ) three extreme points can be observed. With an increasing Sb content electrical conductivity changes in such manner that it decreases to a minimum for sample 11 and then it increases to a maximum for sample 13 from which it decreases slightly to another minimum for sample 15 and from that point it then continually increases.
Vertical section Cu-GeSb
Nine ternary alloy samples from vertical section Cu-GeSb were investigated using the same experimental techniques as previously studied vertical sections. The alloy samples were labeled with numbers from 19 to 27. The content of Cu in the samples with two consecutive numbers increases for about 10 at. % while contents of Ge and Sb were kept approximately in the same ratio. The obtained results of EDS analysis i.e. compositions of the samples and identified phases are given in Table 12 .
The obtained results suggest that phase composition of the alloy samples from the vertical section CuGeSb changes with an addition of Cu as different phase regions were identified. It was found that within the alloys with Cu content in range ≈ 10 to ≈ 50 at. % Cu three phase regions (Ge)+ (Sb) 4.87 (sample 27) the only one with two phases from all of the studied ternary samples. SEM micrograph illustrating a microstructure of the sample 26 is given on Figure  10 . In the microstructure of the alloy sample 26 three intermetallic compounds were detected. Phase δ(Cu4Sb) appears lightest, η'(Cu3Ge) phase is gray and ξ(Cu5Ge) is darkest. The phases identified by EDS were checked by subsequent XRD analysis and the obtained results are given in Table 13 together with experimentally determined values of lattice parameters and corresponding literature data. The obtained results of XRD analysis confirm the phase composition determined by EDS. Determined values of lattice parameters for the phases (Ge), (Sb), η(Cu2Sb) and η'(Cu3Ge) were compared with literature data [24] [25] [26] 28] and they were found to be in a close agreement. Three new phases which were detected in the alloy samples 26 and 27 were compared with lattice parameters reported by Schubert et al [30] , King et al. [31] and Lejaeghere et al [32] . In this case as well, a very close agreement with literature data was obtained as the observed differences between values were only in the third digit after the decimal point.All of the prepared alloy samples were observed by LOM and microstructures of the four alloy samples 21, 24, 25 and 27 are presented on Figure 11 . Three phases can be observed in the microstructure of the sample 21 ( Figure 11 ), two solid solutions and one intermetallic compound. Solid solution (Ge) appears as a gray phase and (Sb) solid solution as a white phase while the intermetallic compound η(Cu 2 Sb) appears as a small grain phase. The samples 24 and 25 have almost the same structure, because of the same phase composition (Ge)+η(Cu 2 Sb)+η'(Cu 3 Ge). The sample 27 consists of two phases, (Cu) and δ(Cu 4 Sb) where δ(Cu 4 Sb) phase appears as a base phase and solid solution (Cu) as a phase with clearly defined grain boundaries. In total seven different phases were detected in the microstructures of the studied alloy samples from the Cu-GeSb vertical section. Hardness of each phase was determined using Vickers test and the obtained mean values are presented in Table 14 . (3) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2734(1) 6.0626 (2) 11.2754 [25] 6.06 [26] (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2735(2) 6.0628 (2) 11.2754 [25] 6.06 [26] 21 (2) 4.3098 (2) 3.9745 (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2756 (2) 6.0687 (3) 11.2754 [25] 6.06 [26] 22 (2) 3.9746 (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2798 (5) 6.0639 (3) 11.2754 [25] 6.06 [26] (2) 5.6522 [24] 4.30724 [25] 3.97 [26] 11.2739(2) 6.0687 (7) 11.2754 [25] 6.06 [26] 24 (Ge) η(Cu 2 Sb) η'(Cu 3 Ge) (Ge) η(Cu 2 Sb) η'(Cu 3 Ge) 5.6538 (2) 3.9786(3) 5.2748 (7) 5.6522 [24] 3.97 [26] 5.272 [28] 4.2078(6) 4.204[28] 6.0687 (2) 4.5785 (4) 6.06 [26] 4.578 [28] 25 (Ge) η(Cu 2 Sb) η'(Cu 3 Ge) (Ge) η(Cu 2 Sb) η'(Cu 3 Ge) 5.6538 (2) 3.9786 (4) 5.2786 (3) 5.6522 [24] 3.97 [26] 5.272 [28] 4.2089 (2) 4.204 [28] 6.0644 (5) 4.5727 (3) 6.06 [26] 4.578 [28] (7) 2.7587 (3) 3.63689 [32] 2.752 [30] 4.3298 (6) 4.320 [30] Figure 11. Microstructures of the selected alloy samples observed with LOM The obtained results suggest that hardness of the individual phases increases with an increase of Cu content. Hence, the solid solution (Cu) has the highest hardness from all of the identified phases in the ternary Cu-Ge-Sb system, whereas the solid solution (Sb) has the lowest. Experimentally determined values of Brinell hardness of the studied alloy samples are given in Table 15 . Graphical presentation of a relation between Brinell hardness of the alloys from the studied Cu-GeSb vertical section and Cu molar content is given on Figure 12 . From Figure 12 it can be seen that the sample 21 has the lowest hardness of the alloys of Cu-GeSb vertical section. Starting from the sample 21, hardness of the alloys increases both with an increase and a decrease of Cu molar content. Measured values of electrical conductivity of the studied alloy samples are given in Table 16 . The presented values represent an average of four measurements.
Figure 12. Brinell hardness of the alloy samples from the Cu-GeSb vertical section
Graphical presentation of a dependence of electrical conductivity of the studied alloy samples on molar content of Cu is given on Figure 13 .
Figure 13. Electrical conductivity of the investigated alloy samples from the Cu-GeSb vertical section
From Figure 13 and Table 16 it can be seen that electrical conductivity increases with an increasing content of Cu. Slight inconsistency with this trend can be observed for the sample 25 whereas the sample 27 has the highest electrical conductivity from all of the other studied samples from the ternary Cu-Ge-Sb system. 
Mathematical calculation of electrical conductivity and hardness
Based on the experimentally obtained results and using suitable mathematical model, values of hardness and electrical conductivity along the whole composition range were predicted. For this calculation the software package Desig Expert v.9.0.3.1 and canonical or Scheffe model [33] [34] [35] were used. For calculation of iso-lines of Brinell hardness Special Quartic model was selected and the final equation of the predictive model in terms of actual components is:
Iso-lines contour plot of Brinell hardness of alloys defined by equation 1 is shown on Figure 14 . 
CONCLUSION
Twenty-seven ternary alloys from three vertical sections (Cu-GeSb, Ge-CuSb and Sb-CuGe) of the Cu-Ge-Sb system were experimentally investigated using LOM, SEM-EDS, XRD, Brinell and Vickers hardness tests and electrical conductivity measurements.
Chemical compositions and compositions of phases determined using EDS analysis demonstrate that apart from several alloys that build slightly different three phase regions such as (Ge)+η(Cu 2 Sb)+η'(Cu 3 Ge) and η'(Cu 3 Ge)+δ(Cu 4 Sb)+ξ(Cu 5 Ge) and only one that builds δ(Cu 4 Sb)+(Cu) two phase region, the majority of the studied alloy samples build the same (Ge)+(Sb)+η(Cu 2 Sb) three phase region. It was found that the solubility of the third element into the intermetallic compound was less than 1 at. % as well as that the solubility of Sb and Cu into (Ge) solid solution is also very low and that the same is true for solid solution (Sb). Experimentally determined solubility Ge of 3.98 at.% in the solid solution (Cu) is within the plausible range as according to literature the solid solution (Cu) can dissolve maximum ≈ 11.5 at.% of Ge. The determined phase compositions were confirmed with XRD analysis and observed with light optical microscopy. Besides confirmation of the phase regions, XRD analysis has also provided crystal lattice parameters of the detected phases. As an additional confirmation, the calculated lattice parameters were found to be in a close agreement with literature data. The obtained results of Vickers hardness test show that out of the seven different phases that were identified in the Cu-Ge-Sb system, the (Cu) phase has the highest hardness, followed by (Ge), ξ (Cu 5 Ge), δ(Cu 4 Sb), η'(Cu 3 Ge), η(Cu 2 Sb) and (Sb) in a descending order. According to the results of Brinell hardness and electrical conductivity measurements the alloys from Cu-GeSb vertical section exhibit stable and continual increase of values of both properties with an increase of Cu content. Hence, it can be concluded that the alloy with highest amount of Cu has both the highest hardness and electrical conductivity. Based on the obtained experimental results and mathematical calculations iso-lines of Brinell hardness and electrical conductivity were calculated for the whole Cu-Ge-Sb system. The calculated isolines can give information on Brinell hardness and electrical conductivity of all possible ternary Cu-GeSb alloys Figure 15 . Iso-lines of electrical conductivity of alloys of the ternary Cu-Ge-Sb system The obtained iso-lines contour plot of electrical conductivity defined by equation 2 is shown on Figure 15 . 
